In the present paper, results from the development of a meso/micro scale liquid-propellant thruster are reported along with a discussion of the usage of microthrusters in small spacecraft and the effects of downsizing on combustion performance. In particular, combustion of liquid nitromethane in a thruster combustion chamber with a volume of 108 mm 3 and diameter of 5 mm was experimentally investigated. The meso-scale combustor utilized a vortex combustion concept, in which monopropellants were injected tangentially from the frontend of the cylindrical combustor and combustion products exited the chamber tangentially at the other end. Although combustion was achievable at pressures as low as 120 psi, pressures as high as 350 psi were required for complete combustion. Combustion at 14.7 psi was achieved only with the addition of small quantities of oxygen. To complement the experiments, a comprehensive numerical analysis was developed to study the combustion of liquid monopropellant in a small-volume vortex chamber based on a two-phase flow analysis using the level-set approach. The model allows for a detailed investigation of the liquid-film motion and gas-phase flow development. Combustion chambers and nozzles were fabricated from ceramics (alumina) because of the high flame temperatures required to sustain gas-phase reactions. Operation of thrusters on hydrogen-air-oxygen mixtures at combustion chamber pressures as high as 8 atm was demonstrated to produce characteristic velocity efficiencies of approximately 90%.
INTRODUCTION
Two developing technology areas in the field of microelectromechanical systems (MEMS) are micropower generation and micropropulsion. [1] [2] [3] [4] [5] Combustion research is expected to play an important role towards the success of both these areas, which have recently been reviewed in the literature. 6, 7 Microthrusters, because of their simplicity, have received significant attention during the last few years, although early development in the MEMS field began approximately 10 years ago. [8] [9] [10] [11] [12] [13] [14] [15] [16] The principle applications of microthrusters are for primary propulsion and attitude control of microspacecraft ( Table 1 ), but they may also be applied to any process requiring small quantities of directed gas flows. For example, the same technology necessary for the successful development of microthrusters is currently being applied to micro gas generators for usage in airbags and in microactuators. [17] [18] [19] As a recent example of the development of microspacecraft and the need for microthrusters, the US Air Force's XSS-10 microsatellite experiment flew on 29 January 2003 as a secondary payload to a Global Positioning System navigation satellite aboard a Delta 2 rocket. 20 The microsatellite weighed 28 kilograms and represented the first work in space involving microsatellites that can autonomously approach other objects in space. The experiment was also the first in which the US Air Force activated the satellite hours after the launch versus a normal on-orbit checkout ranging from weeks to months. Shortly after reaching space, the XSS-10 spacecraft maneuvered about 200 meters away from the rocket, and then approached it, taking video imagery that was transmitted live to the ground. The experiment also provided information that has been incorporated into the XSS-11 missions, which represent a year-long test of microsatellite technologies. The XSS-10 and XSS-11 experiments represented a significant step in transforming the way the US Air Force can operate in space. One of the most severe constraints for small spacecraft, particularly if launched as a secondary payload, is volume. 21 Small volumes impose severe constraints on the propulsion and power subsystems of miniature spacecraft ( Table 2) . Furthermore, the propulsion systems are expected to perform multiple functions ranging from high thrust and ∆V to fine impulse bits (Fig. 1) . Generally, low-impulse bit functions are a good fit for electric propulsion while high thrust missions are a good fit for chemical systems.
The technological interest in downsizing chemical thrusters, particularly for solid-propellant systems, results from the potential gain in the thrust-to-weight ratio (F/W). Thrust is proportional to the characteristic length squared, Thus, if a one-meter macroscale thruster has a thrust-to-weight ratio of 10, a thruster with a length scale of 1 cm could potentially have a thrust-to-weight ratio of 1000 and a thruster with a length scale of 1 mm could have a thrust-to-weight ratio of 10,000. If achievable, the applications of microthrusters could be numerous, ranging beyond primary propulsion in microscale systems to, for example, distributed propulsion in macroscale systems. Although potential gains are also expected with scaling of liquid and gas thrusters, such scaling is not as simplistic and therefore may not directly apply.
In fact, the traditional measures of the thrust-to-power ratio and specific impulse are not the drivers for microspacecraft. At very small scales, the power requirements of valves, heaters, and other auxiliary systems become comparable to the total propulsion system power. For example, 5 W of valve and heater power for a propulsion system in a large spacecraft is usually negligible, but for microsatellites, this could represent the entire power budget for the system. Also, Isp as a figure of merit has generally been based on launch vehicles where the propellant was a large fraction of the total mass. In microspacecraft, the mass of the system electronics, structure, and cabling dominate over the mass of the propellant. Consequently, the evaluation metrics for micropropulsion need to be reconsidered for small spacecraft. Two alternative parameters may be the impulse scaled by the total spacecraft mass and the ratio of thrust to total spacecraft input power. In addition, ideal micropropulsion technology would bridge the gap between high impulse per system mass and high thrust per system power (Fig. 2) .
To ensure the continued development and success of small spacecraft missions, improvements in the thrust and ∆V capabilities of the propulsion systems will be necessary. As mentioned above, the specific impulse and thrustto-power ratio are not sufficient for evaluating such improvements in small spacecraft. More important is a reduction in the spacecraft mass ratio, i.e., the ratio of the final vehicle mass to the initial vehicle mass. A reduction in the vehicle mass ratio is possible by increasing the propellant loading (propellant density and storage volume) or reducing the vehicle's dry mass. Current microsatellites have propulsion systems that typically account for 4-8% of the total system mass with the propellant accounting for less than 30% of the propulsion system mass. 21 This is in contrast to large-scale propulsion systems where over 80% of the mass is the propellant. The large dry mass of existing micropropulsion systems is a significant factor in their lower than anticipated performances, which resulted largely from the unavailability of miniature components (thrusters, valves, etc).
Future micropropulsion systems will need to operate with denser propellants (i.e., liquids or liquefied gases vs. pressurized gases). Furthermore, the usage of a single fluid propellant for all propulsion modes to accomplish the mission requirements will be required to reduce the propulsion hardware and make the system more flexible for changes in the mission. Propellant storage will need to become part of the supporting structure of the spacecraft and multifunctional propulsion systems capable of producing power may also be considered.
Of the various possible macroscale rocket systems, cold-gas, chemical and electrical thrusters are scalable and have been under study at the microscale. Chemical thrusters are generally divided into liquid and solid propellant systems with liquid propellant thrusters further divided into monopropellant and bipropellant systems. Table 3 provides a list of examples of various thrusters currently under development at the meso and micro scales along with the literature references. This paper briefly describes the design, fabrication and testing of a meso/micro scale chemical microthruster. Prior to presenting the results, scaling issues important to propulsion and combustion are first addressed to provide a preliminary analysis for the initial microthruster design. From this analysis and Monopropellant Micro Rocket [25] , [26] , [27] , [28] Solid Fuel Micro Rocket [5] , [29] , [30] , [31] , [32] Gas Micro Thruster [5] , [33] Vaporizing Micro Rocket [5] , [28] , [34] the discussion above, some general features of the microthruster were selected: including the use of environmentally friendly, liquid propellant formulations, electrolytic ignition for primary ignition or ignition assistance, asymmetric whirl combustion for gas-phase flame stabilization, and ceramic stereolithography for fabrication of meso-and micro-scale, 3-dimensional, uni-body combustion chambers and nozzles. In the present paper, particular emphasis is placed on the usage of liquid propellants. Combustion characteristics with gaseous reactants have been previously reported.
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SCALING AND COMBUSTION ISSUES
The effects of miniaturization on the fluid mechanics, heat transfer, and combustion characteristics involved in micropower devices have been recently analyzed by Fernandez-Pello. 6 These same considerations are relevant to operation of chemical micropropulsion devices. In addition, a scaling analysis of chemical microthrusters based on simple 1-D isentropic relationships describing rocket engine performance and on 1-D flame structure physics has been reported by Bruno 35 and Bruno et al. 36 Scaling implications of flows in micro nozzles have also been studied. 14, 15, 16, 37 Here, we briefly discuss some of the effects of decreasing the characteristic length scale, ℓ, of thrusters.
When compared to macroscale systems, microthrusters operate at lower Re (Uℓ/ν) and Pe (Uℓ/α) numbers. Consequently, viscous and diffusive effects play a greater role. The flows are less turbulent and laminar conditions generally prevail. Boundary conditions, which are usually not very influential in large-scale systems, play a more significant role at smaller scales. Diffusive processes, which in micron-sized channels can be fast, will largely dominate species mixing; they can be too slow to be effective, however, in millimeter-sized combustion chambers. Although the greater viscous forces result in larger pumping requirements, certain advantages such as reduced leakage of gases through micron-sized joints may be achieved. Higher viscous losses also imply that larger Reynolds numbers are needed at smaller length scales to achieve a desired thrust. 36 One approach to achieve high Re numbers in micro thrusters is to operate at high pressure.
As viscosity becomes more important with continued downsizing, the simple isentropic flow equations used in the conventional thruster design become less applicable. For example, measured Isp of rocket micro-nozzles was found to decrease by a factor of 10 when the nozzle Re was reduced from 4000 to 400 by decreasing the size. 12, 36 In addition, Alexeenko et al. 37 have performed both Navier-Stokes and DSMC calculations on 2D planar and 2D axisymmetric nozzles and found that the flow in a 2D flat nozzle was indeed 3D and produced ~20% less thrust than its axisymmetric counterpart, in which the surface-to-cross sectional area ratio is minimized. Unfortunately, traditional silicon-based MEMS fabrication techniques are limited to producing 2D planar structures.
Lower specific impulses are expected due to lower combustion chamber temperatures resulting from enhanced heat transfer losses and increased viscous losses with downsizing. For example, a comparison of heat loss rate ( . Depending upon the dominant mode of heat transfer at the external surface, this scaling may vary, but the ratio will increase with miniaturization. Thus, downsizing without effective means to recover lost energy will result in a lower combustion temperature and hence a lower Isp.
As length scale is decreased, velocity, temperature and species gradients at boundaries may decrease, making it difficult to maintain large differences between the wall and bulk flow variables. Considering heat transfer, Biot numbers (hℓ/k s ) associated with microstructures will generally be much less than unity, resulting in nearly uniform body temperatures. Fourier numbers (αt/ℓ 2 ) indicate that thermal response times of structures will be small. Alexeenko et al. 38 have performed transient DSMC coupled thermal and fluid analysis of microthruster flows in 2D and 3D planar nozzles and found that at any instant in time after start-up, the silicon thruster body was nearly uniform in temperature and that heat was transferred from the combustion chamber flow to the nozzle diffuser flow through the thruster body. Temperatures of the thruster with an adiabatic external surface and initial body temperature of 300 K were predicted to reach 1200 K after ~13 s of operation. Because view factors increase with decreasing characteristic length, radiative heat transfer will also play a significant role in chemical thrusters. Figure 3 shows results from a 1D analysis of a small-scale thruster operating on a stoichiometic hydrogen-air mixture. In the analysis, steady-state conditions, complete combustion, and choked flow at the nozzle orifice were all assumed. In addition, the nozzle flow was assumed to be isentropic and the Biot Number < 0.1. As a result, the temperature in the combustion chamber was assumed equal to the wall temperature of the thruster body. For the results shown, the outer dimensions of the thruster were kept constant as well as the combustion chamber volume. The overall dimensions of the thruster body were 1 cm 3 with a combustor volume of ~ 150 mm 3 . Scaling was investigated by decreasing the nozzle orifice diameter from 250 to 10 µm. Consequently, the mass flow rate was also reduced thus increasing the ratio of gen loss Q / Q by lowering gen Q . For this particular analysis, it is evident that when the throat diameter approaches 20µm, combustion will not be sustainable because the chamber temperature is reduced below the explosion limit temperatures of the mixture.
For efficient combustion, the residence time (τ R ∝ ℓ/U) must be greater than the chemical time (τ C ). The ratio of these times is a Damköhler number (τ R /τ C ).
In general, τ R will decrease with decreasing ℓ and therefore to sustain combustion, chemical times will also need to be reduced. As mentioned above, increased surface-to-volume ratios make this difficult because of the increase in gen loss Q / Q . The high surface-to-volume ratio and small length scales favor catalytic combustion at small ℓ. Catalytic combustion is generally slower than gas-phase combustion and deposits energy directly into the thruster body. For efficient gas-phase combustion, high inlet, wall, and combustion temperatures for increased kinetic rates, operation with stoichiometric mixtures, and use of highly energetic fuels are all approaches to enhance combustion.
The times of physical processes such as mixing and liquid fuel evaporation also need to be reduced with ℓ if efficient combustion is to be achieved. For sprays, droplet sizes need to be reduced to shorten evaporation times, which implies greater pressure and energy requirements for atomization. To address this aspect, micro-electrospray atomizers are being considered. 39, 40 An alternative approach under investigation is to use film-cooling techniques as a means to introduce liquid fuels into the combustion chamber, since surface-to-volume ratios are high. temperature. 36 Other processes that have increased importance at small length scales such as thermal creep (transpiration) and electrokinetic effects are also being considered for use in microthrusters. For example, transpiration effects are currently being investigated by Ochoa et al. 42 to supply fuel to microthrusters creating an in-situ thermally driven propellant flow at the front end of the combustor. Clearly, there are many opportunities for combustion research at the microscale to facilitate the design of microthrusters. Although not discussed here, the research, design, and manufacturing of other components of microthruster systems, such as valves and pumps, remain equally important science and technology areas. 5 In fact, the availability of high-pressure, leak-tight, MEMS valves that consume minimal power is currently one of the limiting factors in chemical micro-thruster development.
LIQUID MONOPROPELLANT MESO-AND MICRO-SCALE THRUSTER RESEARCH
In light of the above discussion, we have been developing a liquid-propellant chemical microthruster for propulsion of small spacecraft (Fig. 4) . The unique features of the microthruster under study are: (1) the use of environmentally friendly, liquid propellant formulations, (2) the simplicity of the design as a result of the choice of propellants, (3) the use of electrolytic ignition for primary ignition or ignition assistance, (4) the use of asymmetric whirl combustion for gas-phase combustion stabilization, and (5) the fabrication of meso-and microscale, 3-dimensional, uni-body combustion chambers and nozzles from ceramics using stereolithography techniques.
Liquid monopropellants are desirable for operation of microthrusters because of the simplicity of the resulting system design, reduction in hardware, and ability of selecting the physical and performance properties of the propellant to fit a particular application. The propellant formulations of understudy include an energetic oxidizer, an alcohol fuel, and water as the liquid carrier. Hydrazinium nitroformate (HNF, N 2 H 5 + C(NO 2 ) 3 -), ammonium dinitramide (ADN, NH 4 + N(NO 2 ) 2 -) and hydroxylammonium nitrate (HAN, NH 3 OH + NO 3 -) are solids with ionic structures that are water-soluble and serve as the primary propellant oxidizers. Various alcohols, also soluble in water, serve as the fuels. These types of formulations have been proposed and studied by others at larger scales. An important characteristic of these ionic propellants is that as the amount of oxidizer increases in the formulations, the liquids become more electrolytic. In this effort, we are investigating the use of electrolysis for primary ignition and/or for ignition assistance. 43 Here, energy is deposited directly into the propellant liquid and not the surroundings (as in thermal heating), thereby improving thermal management at the microscale and causing non-spontaneous redox reactions to occur which initiate the reaction at temperatures lower than the thermal decomposition temperature. Liquid monopropellants also eliminate the need for mixing of fuel and oxidizer at the microscale and may be injected along combustor chamber walls to provide film cooling through the initial endothermic decomposition steps that lead to gasification and high temperature ignition of gas-phase reactions.
Vortex flows have been used to stabilize gas-phase combustion in small combustor volumes while maintaining relatively cool walls. 44 An example of combustion of a propane/air mixture with an overall equivalence ratio of 0.8 is shown in Fig. 5 , along with the combustion chamber used to develop the chamber for the thruster. The chemical power input is approximately 50 W and the pressure of the combustion chamber is approximately atmospheric. Here, the gaseous fuel and air are injected separately, rapidly mix, and produce a spinning combustion zone similar to that observed at much larger scales. 45 Three dimensional modeling of the reacting flow has shown that the flow field is complex consisting of multiple recirculation zones as shown in flow (path 1) rotates along the chamber wall as it spirals towards the exit, and the two minor branches labeled as paths 2 and 3 feed the upstream and downstream recirculation zones, respectively.
Liquid Monopropellant Combustion Experiments
As shown in Fig. 7 , the present asymmetric combustion design was adapted for liquid monopropellant reactant flows. In the figure, the liquid reactant is injected tangentially into the combustion chamber just as the bulk air flow was in the gaseous reactant systems. For steady-state operation, the hot-chamber walls and heat feedback from the gas-phase continuously gasify the propellant. Figure  8 is a photograph of the experimental setup illustrating the combustion chamber, the inlet and outlet, the exhaust heat exchanger, and the fuel syringe pump. To demonstrate the capability to operate on liquid fuels, studies were initiated with liquid nitromethane, since it is a simple liquid monopropellant and its ignition and combustion behavior are relatively well understood.
Nitromethane, which is a liquid at room temperature, evaporates at 374 K under normal pressure and decomposes on heating above 520 K. In future studies, the nitromethane will be replaced with a HAN based formulation. In these experiments, the 108 mm 3 combustor was initially ignited on a methane / oxygen mixture with an equivalence ratio of approximately 0.5. Liquid nitromethane was then injected tangentially through another inlet port at the entrance of the combustion chamber as shown in Figs. 7 and 8 . Once the nitromethane flame was established, the methane gas flow was shut-off and the oxygen flow rate was decreased. For experiments operating at one atmosphere, it was found that the oxygen flow could not be completely terminated and still maintain combustion. The lowest oxygen concentration for which a stable nitromethane flame was achieved was 6 % by volume. The resulting flame is shown in Fig. 9 and produces a yellowish, bright-white emission. As in the combustion of gaseous hydrocarbon/air mixtures, no soot or carbon deposits were observed to form on the surfaces. Thermodynamically, if the oxygen is eliminated from the mixture with 94% nitromethane, the predicted flame temperature decreases about 100 K.
Nitromethane, CH 3 NO 2 , is a monopropellant that is relatively unreactive at one atmosphere in an inert environment. The need for the small amount of oxygen at one atmosphere can be understood by looking at its combustion kinetics relative to that of a hydrocarbon-oxygen system. 46 The most important steps to nitromethane combustion are as follows: radicals is through pressure-dependent dissociation reactions. Consequently, at low pressures, nitromethane kinetics are rather slow, but accelerate dramatically with pressure. Because of chain branching in hydrocarbon systems, reaction rates at low pressure can be fast and do not increase as much with pressure as in the case of nitromethane. In the atmospheric pressure experiments, the little amount of oxygen added to the system provides the initiation chain branching necessary at low pressure to achieve stable combustion. This added oxygen can be eliminated from the system by simply operating at higher pressures. In order to operate the combustion chamber at elevated pressures, the sapphire observation window (0.5mm thick, Fig. 5 ) was initially replaced with a solid inconel end cap that had a thermocouple, which protruded slightly into the combustion chamber. The thermocouple had a metal sheath, and thus experienced significant heat lost relative to the true gas phase temperature. Figure 10 shows the successful operation of the combustor on 100% liquid nitromethane at a pressure of 8 atm (133 psi). In the figure, the combustion process was initiated with a very lean hydrogen air mixture (temperature approximately 900K). As liquid nitromethane is added to the combustor, the hydrogen is first turned off and then the air is turned off. Stable combustion continued on pure liquid nitromethane. The experiments have been repeated at pressures above eight atmospheres and stable combustion has been achieved. Figure 11 shows the combustion of liquid nitromethane at ~350 psi (23.8 atm) in the 108 mm 3 vortex combustor, now with a 2 mm thick window. In this picture, the liquid nitromethane entered the combustor through a tube on the right hand side of the photograph at the back end of the combustor. Exhaust products exit the cylindrical combustion chamber tangentially at the front end through the tube shown on the bottom left side of the photograph. The mass flow rate of nitromethane was ~0.021 g/s, which corresponded to a linear liquid feeding rate of 10.2 cm/s in the injection port. Interestingly, the continuous yellowish-bright white flame recorded when a small amount of oxygen is added is no longer observed. Instead, a very dim nearly uniform white emission accompanied with bright red-white emission from small particles (possibly soot), which form and rapidly disappear, is seen. More effort has to be made to clarify the mechanism and spectral emission for nitromethane at high pressures in the future.
As the pressure in the combustor was reduced with the window in place, intermittent brownish white flames were observed more and more frequently, which finally turn into an oscillatory-like mode as the chamber pressure was decreased below 300 psi, although the oscillations were not detected in the pressure measurement. A low-pressure deflagration limit of ~500 psi has been observed for nitromethane burning rate measurements in a strand burner. 47, 48 The extended burning conditions are likely due to preheat effects through both the combustor body and the recirculation zone in the chamber created by the swirl flow. At the highest pressures considered, the combustor body had a reddish emission indicating that the combustor body is above the vaporization temperature of liquid nitromethane at 374 K under normal pressures. At one atmosphere, the decomposition temperature of nitromethane is 520 K. Consequently, no liquid nitromethane is likely to exist in the combustor during high pressure conditions. During high pressure combustion, liquid was not visually observed within the combustor as it was with the atmospheric experiments and oxygen addition. The erratic evolutions of the flame zone for nitromethane combustion at lower injection flow rates as well as operating pressures are shown in Fig. 12 . Nitromethane was injected tangentially into the combustor from the lower right corner at a mass flow rate of 0.0127 g/s. The time interval between each frame is ~33 ms. The frame sequence was randomly picked to show the unsteadiness of the visible flame zone. The periodicity of the evolution was not identified in the recorded clips obtained. The registered chamber pressure was ~330 psi. A similar intermittent bright brownish white flame was also observed for combustion at lower pressures but higher flow rates. The energy required for evaporating 0.00127 grams of nitromethane is ~8 W, while the chemical energy input is ~144 W, which far exceeds the required energy for vaporization. However, the amount of energy that is able to contribute to the vaporization and decomposition is largely affected by the combustor configuration as well as the thermal distribution of both the reaction zone and the combustor body. The fluctuation of the flame zone at low injection flow rates might be due to the insufficient thermal feedback to generate a steady flow of decomposed gaseous nitromethane and consequently the reaction quenches intermittently. At high input flow rates and low operating pressures, the insufficient residence time for complete combustion might result in less energy generation that leads to similar effects as discussed above. Figure 13 shows Fourier transform infrared (FT-IR) spectra acquired from the combustion exhaust at steady-state operation with chamber pressures of 260 (17.7), 290 (19.7), 320 (21.7), and 350 (23.8) psi (atm). The mass flow rate of the experiment is maintained at 0.02 g/s, while the pressure was controlled by regulating the cross-sectional area at the choked orifice in the needle valve. Various hydrocarbon compounds, such as CH 4 , C 2 H 2 , and C 2 H 4 , are found in the exhaust gas along with the major products, CO, CO 2 , and water vapor, at the lower combustion pressures cases of 260 and 290 psi (Figs. 13(a) and 13(b) ). Nitromethane was not found in the exhaust gas. The unburned hydrocarbons become almost totally undetectable as the pressure is increased (Fig. 13(d) ). The decrease in unburned hydrocarbons with pressure is a result of both faster decomposition rates and a longer residence time due to the fixed mass flow rate
Nitric oxide was observed in the spectra at the lowest pressures, but disappeared at pressures where stable combustion was attained indicating that most of the nitrogen in nitromethane was converted into molecular nitrogen, which is undetectable using infrared-red spectrometry due to the lack of a dipole in the diatomic molecule. Similarly, hydrogen, which is also a major product of nitromethane combustion, was not detectable using FT-IR. Identification and quantification of these molecules can be obtained by further characterization of the combustion products using gas chromatography. Figure 14 shows the predicted unburned hydrocarbon concentrations and temperatures at various chamber pressures in a perfectly stirred reactor (PSR) using CHEMKIN 49 which consists of 35 species and 134 gas phase reactions. The mass flow rate and the combustion volume is the same as the experimental values at 0.02 g/s and 108 mm 3 , respectively. The result shows that the unburned hydrocarbon concentration is almost zero as the pressure increases above 20 atm (~300 psi, see discussion below). The trends of these results are in agreement with our observations on the disappearance of unburned hydrocarbons shown in Fig. 13 as the pressure is increased over 300 psi. Using the measured composition data of the unburned hydrocarbons, an estimated chemical efficiency of over 99% is attained for pressures greater than 300 psi. From temperature measurements at one location within the combustor at an operating pressure of 300psi, the thermal efficiency is estimated to be approximately 75%. With insulation design considerations, the thermal efficiency will be improved.
The calculation also suggests that the major unburned hydrocarbon species are methane and acetylene. However, the predicted methane concentration in the combustion products of the PSR calculation are less than the quantified values from the FT-IR spectra, which are 3500, 2700, 700, and 600 ppm at 260, 290, 320, and 350 psi, respectively. The PSR model assumes the perfect mixing of the product and reactants such that the temperature is homogeneous in the combustor, where the actual flow and thermal fields are non-homogeneous and three dimensional. The heat loss of the vortex combustor also contributes to the higher concentrations of unburned hydrocarbon compared to the PSR modeling predictions. The predicted PSR mole concentrations of major carbon containing species are shown in Fig. 15 . The mole fractions of CO and CO 2 both increase slightly as the pressure goes up, while the mole fractions of CH 4 decrease significantly and almost disappear as the pressure exceeds 20 atm. At the highest operating pressure reported here, the estimated total concentration of unburned carbon in the measured hydrocarbons is well below 1%, thus indicating a very high combustion efficiency with liquid nitromethane.
Liquid Monopropellant Combustion Modeling
In the present study, the liquid propellant is delivered to the chamber as a film on the combustor surface. Such a propellant delivery technique simultaneously cools the combustor wall and increases the liquid surface for vaporization. In existing macroscale systems, the fuel is injected as a spray. If the fuel was filmed in these larger devices, the liquid surface area would not be large enough to sustain the needed vaporization rate. On the other hand, because the specific area of the wall film increases as the combustor volume decreases, the liquid film can offer a surface area for vaporization as large as a vaporizing spray in the subcentimeter-size range. At one atmosphere, a 10 mm diameter combustor has a film surface area greater than would occur for a droplet spray with 10 µm mean radius. 51 The film has more surface area per volume of liquid than the spray if the combustor diameter is sufficiently small or the pressure is sufficiently low. Furthermore, the liquid film offers protection from heat losses and quenching. With a liquid film on the solid surface, the wall temperature will not exceed the boiling point of the liquid. Although the film thickness is on the order of tens of microns, the Reynolds number is larger than unity, indicating that viscous forces do not prevent the movement of liquid along the solid surface. Generally the liquid film is always in the laminar range.
Liquid fuel films have been broadly investigated in large-scale systems in past years. Popp et al. 52 gave an extensive description of the transient two-phase flow in cryogenic rocket engine feed systems by means of both numerical and experimental methods. Zeng et al. 53 developed a multicomponent-fuel filmvaporization model for use in multidimensional spray and combustion computations. Desoutter et al. 54 numerically investigated the interaction of a premixed flame with a liquid fuel film on a cold wall. The film cooling effects of small gaseous hydrogen/oxygen rockets were studied by Jeng & Ippolito. 55 Basically there are two types of theoretical methods for two-phase flow analysis: the separated-flow and homogeneous-flow models. 56 The separatedflow or two-fluid model consists of two sets of conservation equations, one for each fluid phase, which can be obtained by a suitable averaging procedure. To close the formulation, additional constitutive equations are needed for the interphase exchange of mass, momentum, and energy. The homogeneous model deals with only one set of equations. The flow properties of each phase may be specified by a unified function.
The model assumes that the liquid nitromethane evaporates, decomposes and then reacts at a higher temperature to release heat. At one atmosphere, the density of liquid nitromethane (ρ L ) is 1.14×10 3 kg/m 3 at room temperature and the density of gaseous products is about 0.1 kg/m 3 at the adiabatic flame temperature. The ratio of volume expansion is about 10 4 . The density changes extremely sharply across the interface, and as such, the separated flow model is preferable for the present case. Generally the flame thickness of nitromethane is on the order of tens of microns, which is much smaller compared with the combustor size. Since the present analysis is focused on the two-phase flow evolution in the combustor, the detailed flame structure is not resolved. For simplicity, the flame front is modeled as the interface between the liquid reactants and gaseous products. Because the characteristic velocity is quite small in the combustor, both the liquid and gas phases are assumed to be incompressible. The conservation equations for an incompressible flow are
The density ρ and kinetic viscosity ν are assumed to be constant in each fluid phase, but change sharply across the interface. Equations (1) and (2) are valid for each of the fluid phases. Across the interface, the mass conservation law needs to be formulated. As shown in Fig. 16 , a control volume is constructed enclosing the interface. The mass conservation takes the form
where S L is the flame speed of liquid nitromethane. The tangential velocity is continuous across the interface
The level-set technique is employed to "capture" the interface where the level set function G is defined as the signed distance from the interface. A scalar-field G equation describing the evolution of the interface can be written as
The interface location can be obtained by keeping track of the zero level of G. A finite-element method is employed to solve the conservation equations. The velocity-correction method proposed by Kovacs and Kawahara 59 is used to perform the time integration. Spatial discretization is carried out by the Galerkin weighted residual method. Figure 17 shows the combustor configuration of concern, into which the liquid nitromethane is injected tangentially without the axial velocity. The internal volume of this combustor is 108 mm 3 . The injection mass flow rate of liquid nitromethane is Figure 18 shows the iso-surface of the G function at zero level, which indicates the interface between the liquid reactants and gaseous products. The thickness of the liquid propellant film decreases almost linearly towards the downstream. The liquid film is relatively thicker near the entrance, and is entirely burned out at an axial distance from the head end of approximately x = 4 mm. As the pressure is increased (e.g., in going from 2 to 10 atm), the evaporation rate is increased and the size of the film decreases (Fig. 19) . In the low pressure experiments with oxygen injection, a vaporizing fuel film coming from the surface was clearly observed. At higher pressures, the presence of the fuel film was much harder to detect in the experiments. These trends are in qualitative agreement with the numerical results, which predict a smaller film layer at higher pressures. Figure 20 presents the 2-D velocity vectors on the x-y and x-z planes. As a consequence of the sudden expansion of the fluid caused by the surface evaporation and decomposition, the velocity magnitude in the gas phase is much higher than that of the liquid phase. The influence of liquid motion on the gasphase flowfield appears to be very small and can be ignored. According to the mass conservation, the gas velocity near the reaction zone is almost perpendicular to the interface. Figure 21 shows the distributions of the velocity magnitude on the x-y and x-z planes. Figure 22 shows the streamlines on the x-y and x-z planes. The flow development in the gas phase resembles that in the chamber with direct injection of gas products. Figure 23 shows the flow patterns on cross sections x = 0.5 mm and 2.0 mm. In the liquid regime, the flow travels tangentially along the solid side-wall due to the tangential fuel injection. As for the gas phase, the sudden expansion of the fluid due to combustion causes the gas products to propagate normally to the interface. Consequently, all the streamlines are almost aligned along the radii. In the current model, the motion of liquid reactants exerts limited influences on the gas flow development, which, however, appears to be quite effective in vaporizing the liquid propellant injected.
A simplified chemical kinetic submodel for nitromethane combustion needs to be included in the present modeling study to improve the predictions so that the endothermic decomposition and evaporation processes can be separated from the delayed heat releasing steps of the mechanism.
Thruster Body Construction and Testing
Materials selection, structural design, and micromanufacturing are also essential technological resources that must be integrated with the chemical and mechanical aspects of the thruster development. A significant component to the present effort is the manufacturing of miniaturized ceramic components, which is important to high temperature operation at small scales. Three-dimensional stereolithography is utilized to manufacture the microthrusters. 25, 60 The thrusters are initially being fabricated from alumina, but eventually will be constructed from Mullite. Compared to silicon, Mullite has a significantly lower thermal conductivity (k = 6 W/m-K), a higher operational temperature limit (~1920 K) and a coefficient of thermal expansion similar to that of silicon (5.4 × 10 -6 / o C). A prototype meso-scale chemical propellant thruster has been fabricated from alumina and is shown in Fig. 24 . The figure shows the thruster separated from the fuel manifold and in operation with a hydrogen/air mixture. Stable combustion has been achieved and the thruster has survived repetitive start-ups and shut-downs and continuous operation at high gas temperatures (> 2000 K).
Figure 25 presents the measured C* and C* efficiency as a function of the equivalence ratio for operation under hot fire conditions on hydrogen/air mixtures. The characteristic velocity is observed to increase with increasing equivalence ratio and attain a maximum near an equivalence ratio of 1.5. The C* efficiencies are high (near 90%), indicating good combustion efficiency and relatively small heat loss from the thruster. A liquid-fueled thruster is now being developed for thrust measurements and performance evaluation.
SUMMARY
Meso/micro scale liquid propellant thrusters were designed and developed for small spacecraft. Stable combustion of nitromethane in a combustor with 108 mm 3 volume was not found achievable at one atmosphere, although combustion can be self-sustained by enhancing the kinetic rates of reactions with the addition of a small amount of oxygen. Pressurization of the combustor had an equivalent effect as oxygen enrichment on flame stabilization due to the high sensitivity of nitromethane kinetic rates to pressure. Stable combustion in the vortex combustor was achieved at pressures higher than 260 psi, although various hydrocarbon compounds such as CH 4 , C 2 H 2 , and C 2 H 4 are found in the FT-IR spectra of the combustion products at low pressures, suggesting incomplete combustion due to insufficient flow residence time. Complete combustion was achieved at chamber pressures above 350 psi. The chemical power input was ~230W for all the cases investigated. In summary, significant progress has been made in the development of chemical microthrusters over the last few years. Many of the proposed concepts are based on scaling of larger systems. However, because thrust levels (millinewtons and below) and impulse bit levels (tens of micronewtons-seconds and below) required by many microscale applications can be considerably smaller than those attainable from macroscale systems, new and novel approaches are also being researched at the microscale. To further the development of microthrusters, fundamental research is needed on fluid flow in microchannels, combustion in small volumes, coupled heat and mass transfer between flows and structures, high temperature materials with low thermal conductivity, integrated microscale design and fabrication techniques, and microscale diagnostics. Equally important to these fundamental studies are systems level research and manufacturing development.
